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A new technique for contrast separation in wide-field magneto-optical Kerr microscopy is intro-
duced. Utilizing the light from eight light emitting diodes, guided to the microscope by glass fibers
and being switched synchronously with the camera exposure, domain images with orthogonal in-
plane sensitivity can be displayed simultaneously at real-time and images with pure in-plane or polar
contrast can be obtained. The benefit of this new method of contrast separation is demonstrated
for permalloy films, a NdFeB sinter magnet, and a cobalt crystal. Moreover, the new technique
is shown to strongly enhance the sensitivity of Kerr microscopy by eliminating parasitic contrast
contributions occurring in conventional setups. A doubling of the in-plane domain contrast and a
sensitivity to Kerr rotations as low as 0.6 mdeg is demonstrated
I. INTRODUCTION
After the introduction of digital image processing in
the 1980ies1, wide-field Kerr microscopy has become a
widely-used and effective tool for magnetic domain imag-
ing. By subtracting an image with domain information
from a background image that is free of domains (ob-
tained, e.g., by saturating the specimen), pure domain
contrast is obtained in the difference image that can be
enhanced by digital means, free of topographic informa-
tion. Besides general domain imaging on numerous mag-
netic materials (see Ref. [2] for examples), digitally en-
hanced Kerr microscopy also provides an easy and di-
rect access to basic physical properties on the microscale
of magnetic materials and devices of vital need for
spintronic3–5, spin caloritronic6 and spin orbitronics7–9.
Particulary, if it is combined with other complimentary,
integral measurement techniques like magnetometry or
transport measurement, the knowledge of the magnetic
microstructure gives insight into the origin of the magne-
tization reversal and related processes. Image processing
has furthermore opened various opportunities for Kerr
microscopy like quantitative-10, depth selective-11 and
stroboscopic imaging12. Reviews on the basics and possi-
bilities of modern Kerr microscopy can be found in Refs.
[2, 13–15].
Kerr microscopy utilizes the magneto-optical Kerr ef-
fect, i.e. the interaction of plane-polarized light with
a non-transparent magnetic media, which in reflection
leads to a clock- or counterclockwise rotation of the po-
larization plane of the incident light depending on the
orientation of the magnetization in the media. Often
some elliptical polarization in the reflected light is super-
imposed. The Kerr rotation can be transformed to a do-
main contrast by placing an analyzer in the reflected light
path, and ellipticity can be eliminated with a rotatable
compensator (like a quarter-wave plate) in front of the
analyzer as indicated in Fig. 1a. This figure shows sepa-
rately the illumination and image-formation light paths
of a typical wide-field Kerr microscope, which is based
on an optical polarization reflection microscope that ap-
plies the Ko¨hler illumination technique to obtain homo-
geneously illuminated images. In this scheme the lamp
is focused onto the plane of the aperture diaphragm, the
light passes through the field diaphragm, is then linearly
polarized and deflected downward into the objective lens
by a partially reflecting plane glass mirror. After reflec-
tion from the sample, the light is collected by the objec-
tive and then passes through the half-mirror again before
it enters the tube lens, which forms an intermediate im-
age that is further processed towards camera or eyepiece.
Since recent years light emitting diode (LED) lamps be-
came sufficiently bright to replace mercury or xenon arc
lamps that were traditionally used for Kerr microscopy.
LED lamps are highly stable and have a lifetime of sev-
eral 10.000 hours.
Depending on the mutual orientations of polarization
plane, incident light angle and -direction, and magne-
tization direction in the specimen, the cases of polar
(magnetization in specimen is out-of-plane) and longi-
tudinal (magnetization is in-plane and along the plane
of incidence) Kerr effects are distinguishable. There is
also a transverse Kerr effect (magnetization in-plane but
transversal to the incidence plane) that leads to an am-
plitude variation rather than a rotation of the reflected
light2,13.
From the dielectric law of the Kerr effect, a simple
rule can be derived for its symmetry13 that immediately
leads to the mentioned basic effects: The Kerr contrast
is proportional to the magnetization component along the
propagation direction of the reflected light beam. This
rule is illustrated in Fig. 1b–e for the most commonly
applied magneto-optical effects in Kerr microscopy, the
polar and longitudinal Kerr effects. The polarizer is as-
2FIG. 1. (a) Ray paths for illumination and image formation
of a wide-field Kerr microscope with displaceable slit aperture,
conventionally used for the adjustment of the sensitivity di-
rection. Beneath the basic geometries of the Kerr contrast are
illustrated: polar contrast (b), longitudinal with s-polarized
light (c), longitudinal in transverse direction with p-polarized
light with direct (d) and inverted contrast (e). Shown is a per-
spective view of vertically, horizontally and perpendicularly
magnetized domains together with the conoscopic images in
which the position of the slit aperture is indicated
sumed to be horizontal along the x-axis so that in case of
oblique incidence the light is either s- or p-polarized. For
perpendicular incidence along the z-axis (Fig. 1b), and
thus perpendicular reflection, no magnetization compo-
nents along the reflected light beam do exist for in-plane
magnetized domains, which consequently do not show a
contrast. Oppositely magnetized out-of-plane domains,
on the other hand, have maximum vectorial components,
thus showing maximum contrast as expected for the polar
Kerr effect. To get a contrast between in-plane magne-
tized domains, oblique light incidence is required. Two
cases of the longitudinal Kerr effect are illustrated in the
figure: in (c) the light is falling onto the sample surface
from the back of the figure with the plane of incidence
being vertical along the y-axis, leading to a contrast be-
tween domains with magnetization components along the
plane of incidence. For pure transverse domains there is
no vectorialM -component along the reflected light beam
krefl and thus no contrast. These domains, however, show
up with maximum contrast for light incidence from the
left along the x-axis (d), whereas the vertical (now trans-
verse) in-plane domains appear without contrast accord-
ing to the rule. If the light incidence is inverted along
the same axis (image e), the transverse domains again re-
main without contrast while that of the longitudinal do-
mains is inverted compared to (d). In all cases of oblique
incidence, there are vectorial components of the polar
domains along the reflected light beam, so that a polar
Kerr effect is always superimposed. The polar Kerr con-
trast, however, does not depend on the direction of the
incident and reflected light, as the magnetization compo-
nents of polar domains have always the same component
along krefl. Examples of real domain images for all four
cases are shown in Fig. 2. A Carl Zeiss microscope of the
type AxioScope with objective lenses 20x/0.5, 50x/0.8
and 100x/1.3 oil (here the first number is the magnifi-
cation and the second number the numerical aperture of
the lens) was used throughout the paper.
In Fig. 2 the plane of incidence and thus Kerr sensitiv-
ity was adjusted by placing a slit aperture in the back-
focal plane of the microscope as indicated by the circular
insets that were already used in Fig. 1. This ”conven-
tional” technique is discussed in more detail in Sect. II,
before we will address our novel approach in Sect. III
II. CONVENTIONAL WIDE-FIELD KERR
MICROSCOPY
As discussed in Sect. I, the incident light needs to be
controlled for the adjustment of a desired Kerr sensitiv-
ity. In a conventional wide-field Kerr microscope, the
plane of incidence is defined by properly positioning a
slit aperture diaphragm in the fully illuminated aperture
plane of the microscope, where in case of crossed polar-
izer, analyzer and compensator a cross-shaped extinction
zone can be observed as illustrated in Fig. 1. The plane
of the aperture is conjugate to the back focal plane of the
objective lens, also known as diffraction plane or pupil of
the objective, and can be seen in the so-called conoscop-
ical image of the microscope, which is visible by simply
looking into the tube after removing the eye piece or by
applying a built-in Bertrand lens. A centered aperture
results in effective perpendicular incidence and sole sen-
sitivity to out-of-plane magnetization (polar Kerr effect,
see Fig. 1b). An off-centered aperture diaphragm leads
to an obliquely incident bundle of rays as necessary for
longitudinal (Fig. 1c–e) and transverse Kerr sensitivity
(not shown).
It has to be noted that approaches are reported in the
literature in which the control of light does not require
a slit aperture. In those techniques (see Ref. 16 for an
example), which often are based on laser illumination for
time-resolved Kerr microscopy, the light is guided to the
microscope by a glass fiber, the end of which is sitting at
the same place as the conventional lamp in Fig. 1a. By
3FIG. 2. (a-c) Magnetic domains in a Ni81Fe19 (Permalloy)
patterned film element of 240 nm thickness, imaged in longi-
tudinal sensitivities with light incidence from different direc-
tions. The contrast with the light coming from the left (a)
is opposite to that with the light coming from the right (b).
The shown domains reveal a flux-closure pattern, also known
as Landau pattern. (d) Out-of-plane magnetic domains at
the surface of a cobalt crystal observed on the basal plane
and imaged in pure polar sensitivity at perpendicular inci-
dence. Like in Fig. 1, the direction of incidence is defined by
proper positioning the aperture slit as indicated in the cono-
scopic images. Images (a - c) are difference images in which
a saturated background image with the saturation field along
the horizontal x-axis is subtracted for contrast enhancement,
while (d) is a direct image without background subtraction
physically placing the glass fiber end at various positions
in the conoscopic plane, different incidence directions can
be achieved thus simulating the position of the slit aper-
ture. Such approaches, based on one glass fiber, may also
be assigned to the conventional technique.
The conventional Kerr technique, described so far, has
a number of shortcomings and problems. As mentioned,
at oblique incidence of light there is always a superpo-
sition of sensitivities to in-plane and polar magnetiza-
tion components. For the Permalloy film in Fig. 2 this
is not a problem as this specimen is strictly magnetized
in-plane, owing to the fact that for Permalloy the qual-
ity factor2 Q = K/Kd, which is the relation between
anisotropy coefficient K and stray-field energy coefficient
Kd = µ0M
2
s /2 (with Ms the saturation magnetization),
is much smaller than one. This is different for the cobalt
crystal shown in the same figure for which Q is around
one. Here the magnetization strictly follows the perpen-
dicular easy axis in most of the crystal volume. The
outermost closure domains, which are finally imaged,
however are expected to reveal a stripe-like oscillation
of magnetization with polar and in-plane components as
was firstly proven by SEMPA (Scanning Electron Mi-
croscopy with Polarization Analysis) by the NIST group
(see Fig. 2.39 in Ref. [2]). Because the polar Kerr ef-
fect is by a factor of 10 stronger than the longitudinal
effect13,17, the Kerr image in Fig. 2d is dominated by the
polar magnetization with no indication of the in-plane os-
cillations. The separation of in- and out-of-plane magne-
tization components is thus mandatory to come up with
a full understanding of such patterns. Another example
is quantitative Kerr microscopy10, which conventionally
only works for strictly in-plane magnetized surfaces due
to calibration reasons of the domain contrast. Contrast
separation might extend such analysis to arbitrarily mag-
netized surfaces.
Another issue is the domain contrast and signal-
to-noise ratio that can be improved by a number
of approaches like an optimized opening of analyzer
and compensator under consideration of the cam-
era sensitivity2,14,15, the mentioned difference-imaging
technique1 or normalized differential Kerr microscopy18.
Nevertheless, for materials with small Kerr rotations
like Permalloy19 or thin films of diluted magnetic
semiconductors6,20 those techniques may be not sufficient
and further improvements are desirable to obtain satis-
fying images.
Finally, as image processing and general domain anal-
ysis require some electromagnet around the sample, the
applied magnetic field can induce a parasitic Faraday
effect21 in the lenses that are exposed to the field, no-
tably the objective lens. The Faraday rotation adds to
the Kerr contrast and can lead to unwanted domain in-
tensity effects. By such contributions the quality of do-
main images may suffer6, even lead to a misinterpretation
of experimental data22 and bring substantial errors into
quantitative Kerr microscopy23.
In Sect. III of this article, we report on the develop-
ment of a new hard- and software realization for con-
trast separation and enhancement in wide-field magneto-
optical Kerr microscopy. The new technique allows for
3-dimensional vector imaging of the surface magnetiza-
tion of any specimen, suppresses parasitic Faraday con-
tributions in the lenses for the observation of domains in
in-plane configuration, and it leads to a significant en-
hancement of contrast and signal-to-noise ratio. More-
over, the developed technique can be used as the basis
for a new and advanced technical realization of quantita-
tive Kerr microscopy.
4FIG. 3. Illustration of contrast separation, based on sub-
tracting or adding two Kerr images that are obtained at op-
posite directions of light incidence. In the difference image
(upper panel) the polar contrast is eliminated, while the
in-plane domain contrast is doubled. By adding the images
(lower panel), the in-plane contrast is eliminated and pure
polar contrast is left. The arrows indicate the magnetization
vector at the surface and the areal shading represents the Kerr
contrast
III. ADVANCED DESIGN
The principle of contrast separation is based on the
rule for the Kerr contrast mentioned in Sect. I. From the
schematics in Fig. 1d,e it is seen that by inverting the di-
rection of oblique light incidence the in-plane contrast is
also inverted while the polar contrast remains unaffected.
Thus, by taking the difference of the images with inverted
light incidence the polar contrast can be eliminated and
pure in-plane contrast is left (Fig. 3, upper panel). By
taking the sum of the images, on the other hand, the in-
plane contrast is cancelled and pure polar contrast is left
(Fig. 3, lower panel). Such contrast separation requires
that the illumination and contrast conditions for the two
directions of incidence are symmetric. If this is not the
case (e.g. due to different light intensities), residual un-
wanted contrast will be left. In a conventional setup us-
ing a mechanically adjustable aperture slit for defining
the illumination conditions this requirement cannot eas-
ily be fulfilled, as the illumination symmetry depends on
the precise settings of the slit and a homogenous illumi-
nation of the aperture plane.
To overcome this shortcoming of conventional Kerr mi-
croscopy, a new LED light source was developed that does
not require a slit aperture anymore. It can be connected
to any wide-field Kerr microscope that utilizes the Ko¨hler
illumination scheme (Fig. 1a). In this novel setup, the
light of eight high-power LEDs is independently guided
to the microscope by glass fibers. The fibers have a diam-
eter of 1 mm each, and the radiant power at the glass fiber
output is about 100 mW. The glass fiber ends are physi-
cally sitting at the same place as the conventional lamp in
Fig. 1a and they are arranged in a cross-like manner. A
similar arrangement was recently published in Ref. [24],
but based on 4 dichromatic LEDs. The ends of the glass
fibers are imaged to the back-focal plane so that they can
be seen in the conoscopic image similar to the slit aper-
ture in a conventional setup (compare Figs. 4c and a).
This corresponds to eight virtual light sources directly in
the conoscopic plane. Such an arrangement allows to set
the incidence angle and direction just by turning ON and
OFF the appropriate LEDs via computer control with-
out any mechanical action. Turning ON the LEDs 1&2
or 3&4 (Fig. 4c) corresponds to the opening of the slit
for vertical longitudinal (plus polar) sensitivity along the
y-axis with p-polarized light in the conventional arrange-
ment (Fig. 4a), while 5&6 or 7&8 stand for the horizontal
longitudinal (plus polar) sensitivity along the x-axis with
s-polarized light. In the developed light source there is
no glass fiber output in the center of the aperture plane,
which would be equivalent to the centered slit for the
polar contrast as in Fig. 4b. The same effect can be
achieved, however, if all four LEDs in a row are ON as
shown in Fig. 4d. Then for symmetry reasons (see Fig. 3,
lower panel) the in-plane sensitivity is canceled, provid-
ing pure polar contrast. The same is true for all eight
LEDs being ON simultaneously. Note that the number of
LEDs, which is imaged to the back focal plane, depends
on used objective lens: for low-magnification lenses (like
10x/0.25 or 20x/0.5) all eight fiber ends will be active
and visible in the conoscopic image, whereas for high-
magnification lenses (like 50x/0.8 or 100x/1.3 oil immer-
sion) with a higher numerical aperture only the inner
LEDs (2&3&6&7) may be active. The angle of light inci-
dence covers a range that depends on the numerical aper-
ture of the used objective lens and the respective size of
the glass fiber ends in the conoscopic image. For typical
lenses the angular ranges of incidence, ∆α, are approxi-
mately: (i) lens 20x/0.5: ∆α = 2− 28◦, (ii) lens 50x/0.8:
∆α = 11−53◦ and (iii) lens 100x/1.3 oil: ∆α = 14−59◦.
With the LED array, the procedure for the suppres-
sion of polar sensitivity, based on the principle shown
in Fig. 3 (upper panel), is straightforward: the LEDs
have to be run in a pulsed mode with a typical switching
time in the microseconds range and synchronized with
the camera exposure. Two sequential images with oppo-
site incidence angle have to be taken and subtracted from
each other as illustrated in Fig. 4e. Pure in-plane sensi-
tivity is then achieved. As long as the frame rate of the
camera is beyond approx. 10 frames per second in the
triggered mode, this procedure can be applied for real-
time imaging of magnetization processes25. Also image
processing can be applied as for regular, steadily illumi-
nated frames, resulting in high-contrast difference images
with pure in-plane sensitivity. Running all LEDs in a row
in a steady mode corresponds to the addition indicated
in Fig. 3 (lower panel) and thus leads to pure polar sen-
sitivity as mentioned.
Driving the LED array in the pulsed mode further-
more makes multi-component imaging possible: Domain
patterns can be imaged under orthogonal sensitivity con-
ditions (e.g. longitudinal vertical and horizontal along
the y- and x-axes, respectively) by alternately activating
5FIG. 4. Conoscopic images in a conventional setup with dis-
placed (a) and centered (b) aperture slit for oblique and per-
pendicular incidence, respectively, and corresponding images
for the novel setup (c, d). The active LEDs are highlighted.
(e) Time diagram of the control sequence for the suppression
of polar contrast. The corresponding LEDs are switched ON
and OFF synchronously with the camera exposure and the
difference of subsequent exposures is taken in-situ. An image
with pure in-plane sensitivity is ontaiend then. (f) By al-
ternately activating the LEDs at orthogonal branches of the
LED cross leads to dual-component imaging
complementary LEDs on the vertical respective horizon-
tal branches of the cross array as illustrated in Fig. 4f.
Here polar sensitivity is always superimposed — pure
in-plane sensitivity along the two axes can be achieved
by some more sophisticated pulsing schemes, however.
In Ref. [24] a similar multicomponent Kerr imaging was
realized by using LEDs of two different colors along the
vertical and horizontal branches of the cross (dichromatic
imaging), resulting in two superimposed images with or-
thogonal sensitivities that can be separated by an image
splitter between microscope and camera. The two com-
plimentary domain images are then displayed in the same
frame leading to a bisection and this reduction of the
visible sample area. The two partial images furthermore
suffer from different spatial resolutions due to the differ-
ent wavelengths used to create them. In our scheme, full
frames are displayed for the two complimentary images
and they have the same resolution by using monochro-
matic light of freely selectable color. The objection that
the pulsed mode suffers from ”only nearly simultane-
ous imaging”15 turns out to be irrelevant in practice –
static domain images are averaged anyway to suppress
noise, and the real-time visual observation of magnetiza-
tion processes doesn’t suffer from time lag as long as the
frame rate of the camera is faster than approx. 10 fps in
the triggered mode. To obtain pure in-plane sensitivities
our pulsed mode can equally well be applied to dichro-
matic imaging by placing LEDs with one color on oppo-
site sides of the vertical branch of the LED cross, and
diodes with the second color on the horizontal branches,
which are then pulsed and triggered according to the de-
scribed scheme.
As pointed out already, special care has to be payed
to the symmetry of the illumination and contrast. The
intensities of the light coming from each of the compli-
mentary groups of LEDs have to match in order to avoid
residual undesirable sensitivities. For such an equaliza-
tion, each of the LEDs can be individually dimmed and
with a feedback loop, measuring the integral image inten-
sity at realtime, they can be equalized. Also the contrast
amplitudes have to match by properly setting analyzer
and compensator.
IV. EXPERIMENTAL RESULTS
A. Multicomponent imaging
An example for dual-component imaging by alter-
nately pulsing LEDs at two orthogonal branches of the
LED cross, according to Fig. 4f, is presented in Fig 5.
Here an identical domain pattern of a Permalloy film is
shown, imaged at vertical (a) and horizontal (b) sensi-
tivities along the y- and x-axes, respectively. While im-
age (a) stresses the 180◦ basic domains, a cross-tie wall
structure2 is revealed in (b). The residual domain con-
trast in (b) is due to a small misalignement of the easy
anisotropy axis that can be verified from the slight tilting
of the domain walls away from the vertical axis. If the
walls and thus the easy axis would be exactly vertical,
there would be no residual domain contrast. This exam-
ple demonstrates the necessity of complementary imaging
in such ”multiaxial” materials to prevent the overlooking
of significant information required for a full understand-
ing of the domains. As this film is largely magnetized
in-plane, the inherently superimposed polar sensitivity
in this experiment does not play a role. Exceptions are
the cross- and circular Bloch lines2 sitting at the transi-
tions between black and white wall segments in (b), the
cores of which are magnetized perpendicular to the film
plane. With a width of some nanometers they are well
below resolution, however.
Multicomponent imaging also provides the basis for
quantitative Kerr microscopy of complete magnetization
processes. Like for dichromatic imaging15, this can
equally well be achieved with our monochromatic tech-
nique (to be published elsewhere). Conventionally, quan-
titative Kerr microscopy can only be applied to static do-
main images as a mechanical displacement of the aper-
6FIG. 5. Domain pattern in a 40 nm thick Permalloy film
imaged at vertical (a) and horizontal (b) longitudinal sen-
sitivities. The cross-tie walls would be overlooked if only
the sensitivity along the walls would have been considered.
Shown are difference images for which the background image
was taken with an external AC field along the x-axis
ture slit is required10.
B. Contrast separation
The possibility of contrast separation with the trigger-
able LED-based light source is illustrated in Fig. 6, where
it was applied to selective domain imaging on a sintered
NdFeB polycrystal. The magnet was cut so that the tex-
ture axis is parallel to the surface along the vertical (y-)
direction in the images. As crystal anisotropy is strong in
this material, all domains are strictly magnetized along
the easy c-axis that follows the texture axis with some
degree of misorientation from grain to grain. This causes
(small) up- and down polar components of magnetiza-
tion in the individual grains that are superimposed to
the predominating in-plane magnetization as schemati-
cally shown in the figure. Under pure polar conditions
(Fig. 6a) only the polar components of magnetization are
seen, leading to a complex contrast pattern with differ-
ent grey levels in the grains that depends on the local
misorientation. If the same domains are imaged under
pure in-plane sensitivity (Fig. 6b), the dominating in-
plane domains are showing up in a clear pattern. As ex-
pected, they extend over a number of neighboring grains.
From such pictures the degree of texture can be evalu-
ated which is not easily possible in the polar image. The
same problem would exist if the domains were imaged
at oblique incidence in a conventional setup. Then the
polar contrast would dominate over the in-plane contrast
as the polar Kerr effect is stronger than the longitudinal
effect under the given experimental conditions.
A further example of contrast separation is presented
in Figure 7. It is the same branched domain pattern
FIG. 6. Domains on a sintered NdFeB magnet after thermal
demagnetization. An identical domain state is shown, imaged
at pure polar- (a) and pure in-plane sensitivity (b). The
texture axis is vertical in the domain images. In-plane and
perpendicular magnetization components across a grain- and
domain boundary are indicated in the sketch. The domain
images were obtained without image processing
on the hexagonal cobalt bulk crystal that was already
discussed in Sect. I (compare Fig. 2d). At pure polar
sensitivity the domains show up as flower pattern with
a high degree of fractal branching (Fig. 7 a). At pure
in-plane sensitivity the stripe-like oscillation of magne-
tization is seen (Fig. 7 b), which has been made visible
before with SEMPA2 as mentioned. Whereas SEMPA is
sensitive to the top most surface magnetization, by Kerr
microscopy the information depth is around 20 nm13. So
the pure in-plane pattern in Fig. 7b will be influenced by
the magnetization variation within that depth.
In Ref. [26, Fig. 3] the separation of perpendicular and
in-plane contrasts was already applied to image magneto-
static interaction domains in nanocrystalline NdFeB ma-
terial. There the contrast separation was still achieved
by conventional methodology, i.e. the plane of light in-
cidence was inverted by placing a slit aperture at proper
positions in the back-focal plane. A similar contrast sep-
aration, applied to magnetic films with tilted anisotropy
axis, was reported in Refs.[15] and [27]. In the latter
articles the same principle of contrast separation is en-
gaged as in our case, i.e. difference and sum images are
formed with LEDs on opposite sides of an LED cross be-
ing properly activated. As only two images are processed
at a time, contrast separation could only be applied on
static images. In our case, however, the LEDs are pulsed
and triggered together with the camera exposure, so the
contrast separation can be achieved on dynamic images
with a frame rate of at least 10 fms. This is sufficiently
7FIG. 7. Polar (a) and in-plane (b) magnetization com-
ponents of an identical domain pattern on a cobalt crystal
cut parallel to the basal plane, i.e. with the easy c-axis per-
pendicular to the imaged surface. The domain images were
obtained without image processing. For a plot of the mag-
netization vector field we refer to the quantitative SEMPA
images presented in Fig. 2.39 of Ref. [2]
fast to observe the contrast-separated images at real-time
as fast as the eye can follow. Moreover, as in Refs.[15]
and [27] light with different wavelengths was used to ob-
tain the complimentary images, the extraction of the pure
in-plane and polar contrasts is questionable due to pos-
sible asymmetries in the Kerr rotation constants for the
different colors, despite the intensity of light for both in-
cidence directions having been equal. Thus, the claimed
estimation of the angle of magnetization from the domain
images is dubitable. In our case, LEDs of the same color
are used, eliminating the possible problem of a mismatch
of the Kerr rotation constants.
C. Faraday correction
Besides the Kerr effect, there is an additional magneto-
optic contribution in a wide field Kerr microscope, the
polar Faraday effect that is caused by magnetic field com-
ponents along the objective lenses as mentioned in Sect. I.
This effect is significant if perpendicular fields are ap-
plied to sample and thus objective. But also inhomoge-
neous in-plane fields may have polar components along
the train of lenses in a typical objective. The Faraday
effect manifests itself in a field-dependent intensity that
is superimposed to the Kerr intensity of the domains.
If magnetization loops are optically measured by plot-
ting the image intensity as a function of magnetic field
(MOKE magnetometry), an increasing intensity beyond
nominal saturation is a typical indicator of this para-
sitic effect (see Fig. 9 b ahead for an example). Faraday
contributions, being mostly linear with respect to the
applied field in case of small fields, can in principle be
eliminated by subtraction of the linear part, for a cer-
tain price in accuracy and sensitivity of the experiment,
though. The curve in Fig. 9 c demonstrates this possibil-
ity. Here the Faraday slope of the curve in (b) was com-
pensated by using a computer routine, leaving a rather
noisy MOKE curve. In other cases when the Faraday ef-
fect is caused by magnetization-dependent stray-fields of
the sample itself22 it is highly non-linear and cannot be
easily subtracted from the Kerr-signal. Strong non-linear
Faraday effects may also arise in high perpendicular ap-
plied field. A hardware separation of Kerr- and Faraday
effects is the only option then.
It turns out that running the LED light source in the
pure in-plane mode, not only suppresses the polar Kerr
contrasts but also the parasitic polar Faraday effect in
the objective lens. This possibility was already applied
in Ref. [22] for domain imaging and MOKE magnetom-
etry on finite-size iron-silicon sheets. Another example
is shown in Fig. 9 b,f ahead, where magnetization curves
are shown that were recorded in a magnetic field swept
transverse to the Kerr sensitivity axis. The dominating
Faraday slope in (b) disappears by measuring the loop in
the triggered mode of pure in-plane sensitivity (f).
D. Contrast enhancement
Besides the possibilities to compensate the Faraday ef-
fect (Sect. IVC) and separate polar and in-plane mag-
netization components (Sect. IVB), the triggered pure
in-plane mode also provides a strong enhancement of the
sensitivity of the instrument. In Fig. 3 we have seen that
the contrast of in-plane domains is inverted for opposite
oblique light incidence. If we assign intensities of +1 and
−1 to the bright and dark in-plane domains, respectively,
in the conventional, static mode of illumination, then a
doubling of the contrast is expected in the difference im-
age of the pure in-plane mode according to +1−(−1) = 2
and −1 − (+1) = −2. In Fig. 3 (upper panel) this is in-
dicated by the gray levels of the sketched domains.
An experimental verification of this contrast enhance-
ment is presented in Fig. 8, where the domains in pat-
terned Permalloy film elements were imaged under regu-
lar conditions (LEDs 5&6 in Fig. 4 are ON) with static
oblique illumination (a) and at pure in-plane sensitivity
(b) in the pulsed mode (LEDs 5&6 and 7&8 being alter-
natingly triggered). It is clearly seen that the contrast for
the latter image is strongly enhanced under the same ex-
perimental conditions (exposure time, camera gain, light
intensity etc.) and without any image post-treatment.
E. Sensitivity enhancement
The enhancement of contrast, shown in Sect. IVD, in-
creases the ultimate sensitivity of the measurement sys-
8FIG. 8. Magnetic domains in Permalloy film elements of
240 nm thickness, taken with horizontal plane of incidence
and p-polarized light. Image (a) shows a ”regular” image
in the conventional, static mode. Image (b) was obtained
in the pure in-plane (triggered) mode, revealing a doubling
of the contrast. Shown are regular difference images (with
the saturated state as background image) without any image
post-treatment. For both images, 16 frames were averaged to
reduce the noise
tem. Figure 9 shows optical hysteresis loops, measured
on a Permalloy film element in the conventional mode at
steady illumination (left) and in the pure in-plane mode
(right) without a compensator installed, i.e. ellipticity
components in the reflected Kerr light are not compen-
sated. In both cases the magnetic field was swept in-
plane at an angle ϕ to the direction transversal to the
sensitivity axis (see sketch on top of Fig. 9). At a field
angle of 0◦, no contrast between the saturated states is
thus present. At a non-zero angle, the projection of the
magnetization to the sensitivity axis is non-zero and has
different signs for the positive and negative saturation
states, so that some contrast between the saturated states
will arise. The peak around zero field, which shows up
in the corrected curves, is due to the formation of do-
mains with magnetization along the sensitivity axis. As
can be seen in Fig. 9 b, in the conventional mode the
Faraday effect in the lenses overwhelms the whole mag-
netic response of the sample as discussed in Sect. IVC.
After digitally subtracting the Faraday slope (Fig. 9 c-e)
the remaining Kerr signal occurs to be rather noisy. In
this conventional Kerr mode a distinguishable contrast
can be obtained only starting from field angles of ap-
prox. 4◦ (Fig. 9 c,d), while in the pure in-plane Kerr
mode, due to the absence of the Faraday effect contribu-
tion and the enhancement of the signal-to-noise ratio, a
contrast can be observed already at ϕ = 1◦. This is also
clearly seen from Fig. 9a, where the saturation ampli-
tudes of the loops are plotted as a function of the angle
ϕ between external field and direction transversal to the
sensitivity axis. The slope in the pure in-plane mode is
approximately two times larger than in the conventional
mode.
From these data, a quantitative estimation of the Kerr
FIG. 9. MOKE loops obtained in conventional longitudinal
plus polar mode (left panel) and in pure in-plane mode (right
panel) on 240 nm thick Permalloy film. (a) Amplitude of the
loops in conventional and in pure in-plane modes. Loops (b,
f-i) are shown as they were measured (before digital subtrac-
tion of the Faraday effect contribution) and (c-e) after digital
subtraction of the linear part
sensitivity can be obtained as follows: As the Kerr con-
trast C is proportional to the Kerr rotation2, it would
be maximum between the positively and negatively satu-
rated states along the sensitivity axis and proportional to
2φPysin(ϕ)
28 at a any field angle ϕ. Here φPy is the lon-
gitudinal Kerr rotation angle, which for Permalloy was
measured as φPy ≈ 3 · 10
−4 radians or 30 mdeg = 1.8′
in Refs. [19] and [29]. According to Fig. 9 we have
found that in the conventional mode a distinguishable
saturation contrast is obtained for field angles starting
at about ϕ = 5◦. So the minimal Kerr rotation, that
can be clearly detected, is φn.m. = 2 · 3 · 10
−4sin(4◦) ra-
dian = 4.2 · 10−5 radian = 2.4 mdeg. In the pure in-
plane mode it is almost 4 times larger, being as high as
φp.inp.m. = 2 · 3 · 10
−4sin(1◦) radian = 1 · 10−5 radian
= 0.6 mdeg. This angle is in the same order as reported
for a commercial MOKE magnetometer (NanoMOKE3 R©
by QuantumDesign30), with which polarization changes
smaller than 0.5 mdeg can be detected in just a few sec-
9onds — in our case some averaging of frames is required
that also results in a measuring time of some seconds.
V. CONCLUSIONS
In this paper we have presented a novel hard- and
software realization for the enhancement of wide-field
magneto-optical Kerr microscopy. By pulsing proper
LEDs in a cross-shaped arrangement in synchronization
with the video camera it is possible (i) to measure and si-
multaneously display the x -and y-components of the sur-
face magnetization vector (vectorial Kerr microscopy),
which can be used as the basis for a the new technical
realization of quantitative Kerr microscopy, and (ii) to
separate contrast generated by in-plane and out-of-plane
magnetization components of the surface magnetization.
Under pure in-plane conditions an enhancement of the
in-plane Kerr contrast by a factor of two and the sup-
pression of parasitic Faraday contributions in the objec-
tive lens was demonstrated. Due to the doubling of the
contrast, the signal-to-noise ratio is drastically enhanced,
which in its turn strongly increases the sensitivity of the
method.
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